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ON THE EXISTENCE OF MONGE MAPS FOR THE
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Théo Dumont, Théo Lacombe and Francois-Xavier Vialard *

Laboratoire d'Informatique Gaspard Monge,
Univ. Gustave Eiffel, CNRS, LIGM, F-77454 Marne-la-Vallée, France

Abstract

For the [2-Gromov-Wasserstein distance, we study the structure of minimizers in Euclidean
spaces for two different costs. The first cost is the scalar product for which we prove that it is always
possible to find optimizers as Monge maps and we detail the structure of such optimal maps. The
second cost is the squared Euclidean distance for which we show that the worst case scenario is
the existence of a map/anti-map structure. Both results are direct and indirect consequences of an
existence result on costs that are defined by submersions. In dimension one for the squared distance,
we show that a monotone map is optimal in some non-symmetric situations, thereby giving insight
on why such a map is often found optimal in numerical experiments. In addition, we show numerical
evidence for a negative answer to the existence of a Monge map under the conditions of Brenier’s
theorem, suggesting that our result cannot be improved in general.
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1 Introduction

Finding correspondences between objects that do not live on the same metric space is a problem of
fundamental interest both in application and theory, in very different fields such as computer vision
[BBMO5, Mém11], mathematics [Stul2], biology [DSS*20] and machine learning [TRFC20, AM]J18].
The problem of graph matching [ZDIT16] is a prominent example of such a situation.

On the mathematical side, comparing metric measured spaces has attracted interest [Stu06, Stul2,
PM22] over the past decade. A common answer to such problems consists in seeking for a map
between the two objects that is of low distortion. In the case of measures that live on a metric space,
this distortion is measured in terms of the distances. To make the problem well-posed and symmetric,
the problem is relaxed to a superposition of deterministic maps, such as in optimal transport and
they are called plans or couplings [San15]. In optimal transport, the fact that the optimization can
actually be reduced to the space of maps has been developed a lot since Brenier’s work [Bre87] and
further generalized [McCO1]. Brenier’s result essentially states that for the quadratic cost in Euclidean
spaces, the optimal map is given by the gradient of a convex function. Such results on the structure of
optimal plans/maps are of great interest in order to reduce the optimization set [MTOL20]. In stark
contrast to optimal transport which is a linear programming problem, the formulation of the problems
mentioned above falls in the class of quadratic assignment problem [KB57], which is a computationally
harder problem. As a consequence, it is not surprising that less results are available in the literature.
In fact, the problem of understanding the structure of optimal plans, and when they are actual maps
has been proposed by Sturm in [Stul2, Challenge 3.6]. In this work, we address this question in two
particular cases in Euclidean spaces. The first one is when the distortion is measured in terms of the
scalar product; we show the existence of optimal maps and we detail their structure. The second case
is the quadratic squared distance for which the problem seems to have less structure; we show that
optimal plans can be chosen to be supported by the union of a graph and an anti-graph of maps.
We also study further the one-dimensional case, which has attracted recent attention [Vay20, BHS22].
Indeed, in the latter article, a counter-example is given to the fact that the monotone (increasing or
decreasing) mapping is optimal in the discrete case. We improve on these results in two directions.
First by showing that this alternative (monotone increasing/decreasing) is actually true under some
conditions on the measures and second we provide numerical evidence for a counter-example to
the existence of optimal maps between a density and a measure. We refer the reader to Section 1.3
for a detailed account of our contributions, while the background and state-of-the-art are presented
respectively in Sections 1.1 and 1.2.

1.1 The Gromov-Wasserstein problem

1.1.1 Formulation. The Gromov-Wasserstein (GW) problem, initially introduced in [Mém11], can
be seen as an extension of the Gromov-Hausdorff distance [GKPS99], see also [Stu06] for a similar
extension, to the context of measured spaces (X, i) equipped with a cost function cx : X x X — R
(typically, cx can be a distance on X). Given (X, u) and (Y, v) equipped with costs cx, cy respectively,
and random variables X, X’ ~ pand Y, Y’ ~ v, the GW problem seeks a correspondence (i.e. a joint
law) between i and v that would make the distribution cx(X, X’) as close as possible to cy (Y, Y’), in
a L? sense. Formally, it reads

Definition 1. Let X and Y be Polish spaces and p > 1. Given two probability measures € P(X) and
v € P(Y), two continuous symmetric functions cx : X x X = Rand cy : Y x Y — R, the p-Gromov—
Wasserstein problem aims at finding

1/p
GW,(u,v) = inf / / lex(x, ¥) = ey (v, )P drtx, ) dne, )|, (@GW)
XxY JXxY

mell(u,v)
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whereI1(u, v) denotes the subset of P (X xY) of probability measures that admits i (resp. v) as first (resp. second)
marginal. Any 7* minimizing (GW) is said to be an optimal correspondence plan between p and v.
Whenever m* can be written as 7* = (id, T)gu where T : X — Y measurable satisfies for all Borel A,
Tyu(A) = u(T~Y(A)) = v(A), T is said to be an optimal correspondence map, or a Monge map between p
and v.

While the existence of optimal correspondence plans holds by compactness arguments as long as
the above minimum is not +oco0, much less is known about the existence of optimal correspondence
maps, even in simple cases.

In this work, we will consider two specific instances of this problem, both assuming that X c R"
and Y c R¢ for two integers n > d and using p = 2:

(i) the inner product case, where cx and cy denote the inner products on R” and RY (both denoted
by (-, -)), respectively:

min [ [ =G, v dnte ) dne ), (GW-IP)
nell(p,v) Jxxy JXxxy

which essentially compares distribution of angles in (X, 1) and (Y, v);
(i) the quadratic case, where cy and cy are the squared Euclidean distance on R” and R?, respectively:

min [ / v = ' =y — P} dre(x, y) dme(x’, ), (GW-Q)
) Jaxy Jxxy

nell(y,v

where by | - | we mean || - ||2, notation that we keep in the rest of the paper for the sake of clarity.
This choice for cx and cy is standard as we have the following property: if GW,(u,v) = 0,
the measured metric spaces (mms) (X, cx, ) and (Y, cy, v) are strongly isomorphic, that is there
exists an isometry ¢ : (X,dx) — (Y, dy) such that pgu = v, see [Vay20]. A subcase of this
problem is given when y = & Zfil 6y, and v = & Z;-Vzl 0y, are uniform probability distributions
supported on N points each. In this scenario, optimal correspondence plans © can be chosen
as permutations ¢ of {1,..., N} [Vay20, Thm. 4.1.2], and the problem optimizes over the set of
such permutations Gy,

27

min Z |Ixi = xi* = 1Yoy — vo) P (QAP)
ij

0eCyN

which is a particular case of the Quadratic Assignment Problem (QAP) introduced in [KB57].

1.1.2 Relation with the optimal transportation problem: a tight bi-convex relaxation. Let us first
recall the formulation of the Optimal Transportation (OT) problem, also known as the Kantorovich
problem, that will play an extensive role in this work.

Definition 2 (Kantorovich problem). Given two probability measures u € P(X) and v € P(Y) and a cost
function ¢ : X X Y — R U {oo}, we consider the problem

min / c(x,y)dn(x,y). (0OT)
nell(u,v) J xxy

A transport plan 7 € II(y, v) realizing (OT) is called an optimal transport plan, or optimal coupling.
Whenever it can be written as (id, T)su for some map T : X — Y, T is said to be an optimal transport map,
or a Monge map between u and v for the cost c.

The minimization problem in (GW) can be interpreted as the minimization of the map ©
F(r,m) = f/kdn ® 1 where k((x,vy), (x’,y")) = |cx(x,x") = cy(y,y’)|?, and F is thus a symmetric



4 T. DUMONT, T. LACOMBE AND F.-X. VIALARD

bilinear map. By first order condition, if 7* minimizes (GW), then it also minimizes 7 +— 2F(r, t*).
If we let Cpx(x, y) = f/\,xy k((x,y), (x’,y"))dr*(x’, y’), we obtain the linear problem

min / Crx(x, y)dn(x, y), M)
nell(u,v) XxY

which is nothing but the (OT) problem induced by the cost C;;» on X X Y. Therefore, we obtain that any
optimal correspondence plan for (GW) with costs cx, cy must be an optimal transportation plan for (OT)
with cost Cr+. A crucial point, proved in [SVP21, Thm. 3] as a generalization of [Kon76], is that if k is
symmetric negative on the set of (signed) measures on X XY with null marginals, thatis /f kda®a <0
for all such a, then the converse implication holds: any solution y* € I(y, v) of the OT problem with
cost Cp+ is also a solution of the GW problem, that is F(rt*, n*) = F(y*, y*) = F(rt*, y*). In fact, when
k is symmetric negative, the function F(rt, 7t) is concave in 7 and the Gromov-Wasserstein problem
falls in the category of concave minimization problems on a convex set. As an immediate consequence,
in the finite case where the measures are sum of Dirac masses of equal mass, there exists an optimum
which is a permutation matrix. In [ML18], this property is indeed used to propose concave relaxation
of the Euclidean graph matching problem. Since the solutions of (GW) are in correspondence with
the solutions of an OT problem, the tools and knowledge from optimal transportation can be used to
derive existence and structure of optimal maps since it has been extensively studied, see Section 1.2.

In particular, this holds for our two problems of interest (GW-Q) and (GW-IP): if @ denotes a signed
measure on X X Y C R" x RY with 0 marginals, observe that

’ ’ 2 ’ ’
/||x—x P—ly-y |2| da(x, y)da(x’, y’)

=/|x-x'|2da®a+/|y-y'|2da®a —2/|x—x’|2|y—y’|2da®a

=0 =0

- / (xP = 20x, ¥’y + Xy =20y, v/ + |y’ P da @ a

Developing the remaining factor involve nine terms, but given that @ has zero marginals (in
particular, zero mass), we obtain that f |x|?|y|> de ® @ = 0 (and similarly for the terms involving
Ix'12ly’2, |x[*|y’|* and |x’|?|y|?), and also that f Ix|*(y,y")da ® @ = 0 (and similarly for the other
terms). Eventually, the only remaining term is

2
<0,
F

—8/<x,x’)<y,y’)da®a =—8H/x®yda(x,y)

where x ® y € R"™ 4 is the matrix (xiyj)i,j, where x = (x1,...,x,) and vy = (y1,...,ya), and || - [[F
denotes the Froebenius norm of a matrix. The negativity of this term ensures that solutions of (GW-Q)
are exactly the solutions of an OT problem. Computations for (GW-IP) are similar—actually, they
immediately boil down to the same last two equalities. More generally, when one considers a cost
suchas (dx(x, x")—dy(y, y’))? by expanding the square, the only term that matters in the optimization
is =2dx(x, x")dy(y, y’). Let us assume that it is possible to write both distances dx and dy as squared
distances in Hilbert spaces, namely dx(x, ") = ||@(x) - (p(x’)||f{x anddy(y,y') = lly(y) - ¢(y’)||f{y for
an embedding ¢ : X — Hy in a Hilbert space Hx and similarly for /. Then computation (2) holds in
this case. Such a property depends on the metric space and when it is satisfied the metric space is said
to be of negative type or that the distance is Hilbertian. Another equivalent formulation is to say that
dx is a conditionally negative kernel on X. We refer to [Lyo13] for a thorough discussion.
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Definition 3. A function kx : X X X — R is a conditionally negative definite kernel if it is symmetric
and forall N > 1, x1,...,xy € Xand w1, ..., wN € Rsuch that Z?Ll w; =0, Zi,jsN wiwikx(xi, xj) < 0.

Every conditionally positive kernel can be written as kx(x, x") = f(x)+ f(x") - % lo(x)—p(x’) ||%{ for an
embedding ¢ : X — H a Hilbert space, as shown in [Sch38]. With respect to the Gromov-Wasserstein
functional, our discussion above shows that in fact cx can actually be replaced with a kernel which
is conditionally negative definite and that the relaxation still holds. To sum up our review of the
literature,

Proposition 1. Let (X, kx, y) and (Y, ky, v) be two spaces endowed each with a conditionally positive
kernel and a probability measure; then the bi-convex relaxation of GW3 is tight. The corresponding
kernel k((x, y), (x’, y)) is indeed non-positive on signed measures with null marginals on X X Y.

Remark that the problem of minimizing F(m, y) is indeed a bi-convex problem since it is linear in
each variable 7, y. There are several important Riemannian manifolds which are of negative type,
among them the real Hyperbolic space, the sphere and the Euclidean space. Counter-examples are for
instance in finite dimension the Hyperbolic space on the quaternions [FH74], and in infinite dimension
the L2-Wasserstein distance in R for d > 3 as proven in [ANN18].

1.2 Related works

1.2.1 Monge maps for the OT problem. The (OT) problem has been extensively studied (see [San15,
Vil08, PC19] for a thorough introduction) and particular attention has been devoted to situations where
existence of Monge maps, or variation of, can be ensured.

Brenier’s theorem, stated below, is the most well-known of such cases where the optimal plan is a
map.

Theorem 1 (Brenier’s theorem). Let X = Y = RY, u, v € P(RY) such that the optimal cost between
and v is finite and c(x, y) = |x — y[>. If ¢ < L%, then there exists a unique (up to a set of y-measure
zero) solution of (OT) and it is induced by a map T. This map is characterized by being the unique
gradient of a convex function T = V£ such that (Vf)su = v.

This central result admits a generalization in the manifold setting that we shall use later on.

Proposition 2 ([Vil08, Thm. 10.41], Solution of the Monge problem for the square distance). Let M be
a Riemannian manifold, and c(x, y) = d(x, y). Let u, v € (M) such that the optimal cost between p
and v is finite. If p < voly, then there is a unique solution of the Monge problem between u and v
and it can be written as

y =T(x) = exp, (Vf(x)),

where f is some d?/2-convex function. The approximate gradient can be replaced by a true gradient
if any one of the following conditions is satisfied:

(a) p and v are compactly supported;

(b) M has nonnegative sectional curvature;

(c) vis compactly supported and M has asymptotically nonnegative curvature.

Brenier’s theorem can be extended in a few directions. The condition that i has a density can be
weakened to the fact that it does not give mass to sets of Hausdorff dimension smaller than d — 1 (e.g.
hypersurfaces), and c can actually be a bit more general than being the squared distance function, as
long as it satisfies the twist condition, that we define now together with its variants. In the following,
let X = Y be complete Riemannian manifolds and let ¢ : X X Y/ — R be a continuous cost function,
differentiable in x. We refer to [MG11, CMN10, Vil08] for more information on the twist condition,
to [AKM11, McC12] on the subtwist condition and to [Moal6] on the m-twist and generalized twist
conditions.
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Proposition 3 (Twist). We say that c satisfies the twist condition if
forallxg € X, y— Vic(xo,y) € Ty, X is injective. (Twist)

Suppose that c satisfies (Twist) and assume that any c-concave function is differentiable u-a.e. on its
domain. If y and v have finite transport cost, then (OT) admits a unique optimal transport plan 7*
and it is induced by a map which is the gradient of a c-convex function f : X — R:

7 = (id, c-exp, (Vf)).u .

Remark 1. Following [MG11, Vil08], we recall that the c-exponential map is defined on the image of —Vc
by the formula c-exp, (p) = (Vic)7}(x, —p), i.e. c-exp, (p) is the unique y such that V,c(x, y) +p = 0.
This notion particularizes into the usual Riemannian exponential map when c(x, y) = d(x, y)?/2.

Remark 2. Costs of the form c(x,y) = h(x — y) with & strictly convex, and in particular the costs
c(x,y) = |x —yl|? for p > 1, do satisfy the twist condition.

The twist condition is equivalent to the fact that for all y1 # y» € Y, the function x € X —
c(x,y1) — c(x, y2) has no critical point. Remark that on a compact manifold, if the cost is C1, this
condition can never be satisfied. Note also that the Riemannian distance squared is not C! everywhere
and one can still prove the existence of Monge map; see Proposition 2. This justifies the introduction
of two weaker notions, that turns out to remain sufficient to obtain some (but less) structure on the
optimal plans:

Proposition 4 (Subtwist). We say that c satisfies the subtwist condition if
foraly1 2y, €Y, xeXm—c(x,y1)—c(x,y2) hasatmost 2 critical points. (Subtwist)

Suppose that ¢ satisfies (Subtwist) and assume that any c-concave function is differentiable p-a.e on
its domain. If y and v have finite transport cost, then (OT) admits a unique optimal transport plan 7t*
and it is induced by the union of a map and an anti-map:

n* = (id, G)sfi + (H, id)s(v — Gufi)

for some Borel measurable maps G : X — Y and H : Y — X and non-negative measure ji < p such
that v — Ggji vanishes on the range of G.

Proposition 5 (m-twist). We say that c satisfies a m-twist (resp. generalized twist) condition if
forall xg € X, yo € M, the set{y | Vxc (%0, y) = Vxc (x0, yo)} has at most m elements  (m-twist)

(resp. is a finite subset of V). Suppose that c is bounded, satisfies (m-twist) and assume that any
c-concave function is differentiable p-almost surely on its domain. If y has not atom and p and v have
finite transport cost, then each optimal plan 7t* of (OT) is supported on the graphs of k € [m] (resp. in
N U {oo}) measurable maps, i.e. there exists a sequence {cr,'}i.‘:1 of non-negative functions from X to
[0, 1] and Borel measurable maps T; : X — Y such that

k
T(* = Z [27] (ld/ T;)# [u 7
i=1
in the sense *(S) = Z:‘(=1 /X ai(x)1s(x, Ti(x)) dy for any Borel S ¢ X x Y.

Examrie 1. If X = Y =R, and ¢(x, y) is a second order polynomial in xy with non-zero degree one
coefficient, such as c(x, y) = x?y? + Axy for some A # 0, the 2-twist condition holds. As we shall see
in Section 3.3, such costs are closely related to the quadratic GW problem (GW-Q) in dimension 1.
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Remark 3. Notice that although the m-twist condition is a generalization of the twist condition (which
is the 1-twist condition since g is always in the set), it is not a generalization of the subtwist condition.

Remark 4. Following [Vil08, Rem. 10.33], when measures p and v have compact support and u has a
density—which belong to our set of assumptions in the following—, all conditions of Propositions 3
to 5 are satisfied.

1.2.2 Monge maps for the GW problem. In sharp constrast with the optimal transportation prob-
lem, there are very few results that ensure the existence of a Monge map for the Gromov—Wasserstein
problem, even in the particular cases considered in this work.

In the inner product case, [Vay20, Thm. 4.2.3] gives a result on the existence of a Monge map under
some assumptions:

Proposition 6 (Inner product cost: optimal map under condition). Let n > d, u,v € P(R") x P(R?)
two measures of finite second order moment with u < L". Suppose that there exists ©* solution of
(GW-IP) such that M* = / y ® xdn*(x, y) is of full rank. Then there exists an optimal map between

 and v that can be written as T = Vf o M* with f : RY — R convex.

For the quadratic case, there is only very little results. In [Vay20] is claimed that in the discrete
case in dimension 1 with uniform mass and same number of points N, the optimal solution of (QAP)
would be either the identity (i) = i or the anti-identity (i) = N + 1 — i (Thm. 4.1.1). However, a
counter-example to this claim has been recently provided by [BHS22].

To the best of our knowledge, the only positive results on the existence of Monge maps for the quadratic
cost are the following.

Proposition 7 ([Stul2, Thm. 9.21]). Let absolutely continuous probability measures pp and p1 on
R" be given, each of them being rotationally invariant around its barycenter zg or z; resp., that is,
(Ui)y pi = pi foreach U € O(n) and i = 0,1 where U;(x) = U (x — z;) + z;. Then every 7 € IT(uo, p1)
which minimizes (GW-Q) is induced by a transport map T, unique up to composition with rotations.
The transport map is constructed as follows: for i = 0, 1, let v; be the radial distribution of y; around
z;, and let F; be the respective distribution function, i.e.

Fi(r) £ vi([0, 7]) £ i(B(z1)) .-

Then the monotone rearrangement F; o Fy LR, - R, pushes forward vg to v1.

Proposition 8 ([Vay20, Prop. 4.2.4]). Let u,v € P(R") x P(R?) with compact support, with n > d.
Assume that ¢ < L" and that both y and v are centered. Suppose that there exists 7* solution of
(GW-Q) such that M* = / y ® x dri*(x, y) is of full rank. Then there exists f : RY — R convex such
that T = Vf o M* pushes u to v. Moreover, if there exists a differentiable convex F : R — R such that
IT(x)I3 = F'(|x]3) y-a.e., then T is optimal for (GW-Q).

1.3 Outline and Contributions

This work is organized in the following way. Section 2 provides a general setting in which existence
of optimal transport maps can be shown for cost that are defined by submersions. We provide two
versions of the result, one (Theorem 2) which has no structure and is fairly general and one (Theorem 3)
which imposes a more structured setting thus recovering more structure in the optimal maps; the
latter having the benefit of being more usable in practice. The proof of the second version requires
a measurability argument which is addressed in details in Proposition 11. Following the connection
between GW and OT problems through the linearization result exposed in Eq. (1), applications of these
general results to the Gromov-Wasserstein problems are done in Section 3 for the scalar product cost
and the squared distance, both in Euclidean spaces. Finally, Section 3.3 focuses on the one-dimensional
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case with quadratic cost and consists in two parts: first, we conduct a numerical exploration in order
to assess if our previous structural results are sharp in dimension one; then, we prove a positive result
on the optimality of monotone maps, which partly explains why a monotone map is often optimal
and highlights the importance of long-range effects of the cost.

2 Existence of Monge maps for fiber-invariant costs

This section provides the main result on existence of Monge maps for OT problems for which the
cost satisfies an invariance property. As detailed in Section 3, this property will be satisfied by the
transport costs Cp» arising from the first-order condition of (GW-Q) and (GW-IP)—see Section 1.1.2.

2.1 Statement of the results

The idea is the following: let y, v be two probability measures supported on a measurable space
(E, Zg) and consider a measurable map ¢ : E — B, for some measurable space (B, Lp), we shall omit
to mention the o-algebra afterwards. We sometimes use the name base space for the space B. Let
(4u)uep (resp. (vu)uep) denote a disintegration of u (resp. v) with respect to ¢ (see Appendix A.3 for
a definition of measure disintegration). Consider a cost ¢ : E X E — R that is invariant on the fibers
(that are simply the pre-image of points in the base B by ¢) of ¢, thatis c(x, y) = ¢(¢(x), ¢(y)) for all
x,y € E and some cost function ¢ on B X B. Solving the OT problem between 1 and v for ¢ boils down
to the OT problem between @su and @4v on B X B for . If we can ensure that there exists a Monge
map tp between @uu and @V (for instance, if we can use Theorem 1), we may try to build a Monge
map T between 1 and v by (i) transporting each fiber 1, onto v, using a map T,,, and (ii) gluing the
(T.)uep together to define a measurable map T satisfying Tyu = v that will be optimal as it coincides
with tg on B and the cost ¢ does not depend on the fibers ((p‘l(u))ueg. We stress that ensuring the
measurability of the map T is non-trivial and crucial from a theoretical standpoint.

Blu

B

Figure 1: Illustration of the construction of the Monge map between uy and v: we optimally transport
the projections of the measures in B and then “lift” the resulting map tp to E by sending each fiber
onto the fiber v;,(,), resulting respectively from the disintegrations of i and v by ¢.

We formalize this idea by the mean of two theorems: the first one guarantees in a fairly general
setting the existence of a Monge map for the (GW) problem, but its construction is quite convoluted and
there is little to no hope that it can be leveraged in practice, either from a theoretical or computational
perspective. Assuming more structure, in particular on the fibers of ¢, enables the construction of a
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Monge map for (GW) with a structure akin to Proposition 2. As detailed in Section 3, both (GW-Q)
and (GW-IP) fall in the latter setting.

Theorem 2. Let X and YV be two measurable spaces for which there exists two measurable maps
Dy : X — RYand @y : Y — RY that are injective, and whose inverses are measurable. Let u € P(X)
and v € P(Y) be two probability measures. Let ¢ : X X Y — R be a cost function, and B, B_ be two
measurable spaces along with measurable maps ¢ : X — B, and ¢ : Y — B_. Assume that there
exists a cost ¢ : By X B_ — R such that

c(x,y)=2(p(x), ¥(y)) forallx,y e X xY.

and that there exists a Monge map fp : By — B_ that transports @y onto 14v for the cost ¢. Assume
that there exists a disintegration (u,)uen, of y with respect to ¢ such that gspu-a.e., u, is atomless.

Then there exists a Monge map between p and v for the cost c. Furthermore, it projects onto tg
through (@, ¢), in sense that (@, P)#(id, T)sp = (id, tB)s(@sp).

The proof of this theorem is provided in Section 2.2.

Remark 5. The atomless assumption on the disintegration (u,), is a natural minimal requirement
to expect the existence of map (without specific assumption on the target measure v) and implies
in particular that the fibers ((p‘l(u))ueg+ should not be discrete (at least gsp-a.e.). Indeed, if for
instance X =Y = B, = B_ =R and ¢ : x — |x|, the fibers of ¢ are of the form {—u, u} (for u > 0),
hence the disintegrations (u,)u>0 and (v, ),»0 are discrete and given by u, (u)d, + (1 — pyu(u))d6-, and
vy (u)oy + (1 —vy(u))6-y, and there is in general no map T, between two such discrete measures, unless
we assume that p, (1) = v, (u) or 1 — v, (1), pap-a.e.

Observe also that g4 may have atoms: as we assume the existence of the Monge map ¢3, it implies
in that case that 14v must also have atoms.

Remark 6. The “projection” property (@, ¥)#(id, T)sp = (id, tp)#(@s1t) can also be written ¢ o T(x) =
tg o @(x), for y-a.e. x. A converse implication, that is “every Monge map between u and v projects
onto a Monge map between ¢yu and @4v” may not hold in general. This is however true if we can
guarantee that there is a unique optimal transport plan between @#u and ¥4v and that it is of the
form (id, tg)sp (e.g. if we can apply Theorem 1)—in that case, T necessary projects onto fp in the
aforementioned sense.

Under additional assumptions, we can build a more structured Monge map. Namely, as our goal
is to apply Proposition 2, we will assume that the (common) basis B = B, = B_ is a manifold and
that almost all the fibers of ¢ : E — B are homeomorphic to the same manifold F, and that every
source measure of interest (i, u,, @#u) have densities. We also introduce the following convention:
if u € P(E) for some measurable space E, E’ C E, and ¢ : E’ — B, we let pyu be the (non-negative)
measure supported on B defined by pyu(A) = u(p~1(A)) for A C B measurable. If u(E’) = 1, note that
@4y defines a probability measure on B (i.e. it has mass one). This formalism allows us to state our
theorem even when some assumptions only hold A-a.e.

Theorem 3. Let Ey be a measurable space and By and F be complete Riemannian manifolds. Let
u,v € P(Ep) be two probability measures with compact support. Assume that there exists a set
E C Ep such that u(E) = 1 and that there exists a measurable map ® : E — By X F that is injective and
whose inverse on its image is measurable as well. Let pg, pr denote the projections of By X F on By and
F respectively. Let ¢ £ pgo® : E — By. Letc : Eg X Ep — R and suppose that there exists a twisted
¢ : Bg X By — R such that

c(x,y) =E(ex), p(y)) forallx,y € Ep.

Assume that @uu is absolutely continuous w.r.t. the Lebesgue measure on By and let thus ¢z denote
the unique Monge map between @i and @4V for this cost. Suppose that there exists a disintegration
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((Pgu)u)u of ©gu by pp such that for pgu-a.e. u, (Ggu), is absolutely continuous w.r.t. the volume
measure on F.
Then there exists an optimal map T between p and v for the cost ¢ that can be decomposed as

DoTod '(u,v) = (ta(u), tr(u, v)) = (E-exp, (V£ (1)), exp, (Vi (v))), 2)

with f : By — R &-convex and &, : F — R d2/2-convex for ¢pgu-a.e. 1. Note that fr could actually be
any function that sends each fiber (®yu), onto (Pyv);,(,) in a measurable way.

The proof of this theorem is provided in Section 2.3. Let us give a simple example that illustrates the
role played by our assumptions. This example has connections with (GW-Q) as detailed in Section 3.2.

ExampLe 2. Let Eg = R?and E = Eg\{0}, let Bg = Rand F = $%~! = {x € Eg | |x| = 1}. For convenience,
we also introduce the space B = R’. Consider the cost function c(x,y) = (|x| — |y|)?, so that ¢ only
depends on the norm of its entries. The fibers of the map x +— |x| are spheres—with the exception of
x = 0, which invites us to consider the diffeomorphism

®:E—-R, xS 1=BxFcByxF

X
X — (|x|, —) .
|x|

From this, we can write c(x, y) = &(¢(x), p(y)) where @(x) = |x| and &(u,u’) = (u — u’)*> (which is
twisted).

Now, if u has a density on R, so does @ (as @ is a diffeomorphism) on By x F. The coarea formula
gives the existence of a disintegration (u, )uep of @y by pp : (1, v) = u (note that ppy(Pyu) = puu also
has a density) such that all the y,, admits a density on S%1.

Our theorem thus applies, ensuring the existence of a structured Monge map between 1 and (any)
v for the cost c: it decomposes for almost all x € R? as a Monge map on the basis By = R (although it
is actually only characterized on the image of ¢, that is B = R ) obtained as the gradient of a convex
function f (there is no need for the exponential map here since Vf is the increasing mapping between
the quantiles of g4u and @4v) and a Monge map on each fiber F = $%1, also built from gradients of
convex functions (via the exponential map on the sphere).

Note that our theorem only requires assumptions to hold almost everywhere on Eg = R?, which is
important to allow us to ignore the singularity of ¢ at x = 0.

2.2 Proof of Theorem 2

The proof decomposes in three steps.

Step 1: Existence and optimality of lifts. We know by assumption that there exists a Monge map
tp that is optimal between the pushforward measures @xp and Pyv.

As our goal is to build a Monge map between the initial measures y and v, we first show that
(i) there exists a transport plan 7 € I'(u, v) such that (¢, )smt = (id, tp)#u and (ii) any such 7 is an
optimal transport plan between i and v for the cost c. This is formalized by the following lemmas.

Lemma 1 (Existence of a lift). For any transport plan 7 € IT(@su, Y4v), there exists a transport plan
nt € I1(u, v) such that (¢, ¢ )sm = 7.

Proof. Let (4y)uep, and (vy)yep. be disintegrations of u and v by ¢ and ¢ respectively. Given 71 €

II(p#u, Y4v), we define
= [/ (4y ® vp)dit(u,v),
+XB_
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i.e. trivially sending every fiber p, onto every fiber v,, while weighting by 7. See [AGS05, Sec. 5.3] for
the notation. Then, for any Borel set A C X,

A(AXY) = //B Ay () dtu, o)

_ // Bl ARG

= / tu(A) d(@ap)(u) since the first marginal of 7@ is pyu
By
= u(A), (disintegration theorem)

and similarly for v; hence 7 € II(y, v). Now, let us show that (¢, ¢)sn = 7. For U and V Borel sets of
B and B_,

(9, W)U X V) = //u (g, 9w, o)

=[/ dn(x,y)

P UxyY-1(V)

- // // (g ® vo)(x, ) di(, 0)
=1 (U)xyp~1(V) JJ BLxB_

= [/ (/ dyu(x)/ dvy(y)) d7(u,v) by Fubini’s theorem
ByxB_ \J o=1(U) YL(V)

Z//B . (@~ U)o (P~ (V) dft(u, v)

_ // S0 ()5 (v) dft(u, v)
ByXB_

= //lev d7t(u, v)

=rUxV). o

Lemma 2 (Decomposition of optimal plans for the base space cost). Letc : X XY — Rand ¢ :
B, X B_ — R such that
c(x,y)=E(p(x), Y(y)) forallx,y e X xY.

Then
H;((P#y’ lzb#V) = ((P’ d))#H:(y, V) 7

where IT}(u, v) denotes the set of optimal transport plan between u and v for the cost ¢, and similarly
for H;((P#Hr ¢#V)'

Proof. Let us first remark that for every 7 € II(@#u, P#v) and € TI(u, v),
if T = (@, Y)gm, then (¢, m) = (C, 7). (3)

Indeed, for such a 7@

// ¢(u,v)dmt(u,v) = [/ Slpx), Y(y))dn(x, y) by definition of the pushforward
ByxB_ XxY

= //Xxy c(x, y)dn(x,y).
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c. Lett* € H;((p#p, Yyv). By Lemma 1, there exists a € I1(u, v) such that (¢, )¢t = 7*. Then for
any y € Il(u, v),

(*)
(e, 1) 2@ 7 < @ (0, 0)9) 2 (e, 1),

where () follows from the optimality of 77*. Hence the optimality of 7.
D. Let n* € IT¥(u,v). By Lemma 1, for any y € I(psu, 4v) there exists a y € I(y, v) such that
(¢, Y)#y = 7. We then have

@ (0,0 L, ™ Le 2 ),

where (+) follows from the optimality of 7*. Hence the optimality of (¢, )sm*. o

Step 2: Existence of Monge maps between the fibers. Using Lemma 1 with 7 = (id, tg)s(pszu), we
know that we can build an optimal transportation plan 7w € IT(y, v) that essentially coincides with g
on B, X B_ and transports each fiber u, onto vy, for y-a.e. u € B;. In order to build a Monge map
between 1 and v, we must show that one can actually transport almost all y;, onto vy, using a map
rather than a plan. For this, we use the following result, see [San15, Rem. 1.23, Lemma 1.28, Cor. 1.29].

Proposition 9. Let a, § be two measures supported on R with a atomless. Then:
(i) if d = 1, there exists a transport map T that pushes & onto . Furthermore, it is the unique optimal
map between these measures for the quadratic cost (x, y) — |x — yl2 ;
(ii) there exists a map o4 : RY — R (that does not depend on «, f) that is (Borel) measurable,
injective, and its inverse is measurable as well.

As we assumed that the ground spaces X and Y can be embedded in R using the injective,
measurable maps ®x and @y, we can apply Proposition 9 using ox = 04 0o ®x and oy = 04 0 Dy. As
ox is injective, ox #{y is atomless on R, and we can thus consider the unigue Monge map T, between
ox#pu and oyyVy, ) for the quadratic cost on R.

From this, as the maps ox and oy are measurable and injective (thus invertible on their image) we
can define T, = a; oT, oox : X = Y, that defines a (measurable) transport map between u, and
Vig(u)-

Step 3: building a measurable global map. Now that we have maps (T,), between each u, and
Viy(u), it may be tempting to simply defineamap T : X — Y by T(x) = T(»)(x) when p14,(,) is atomless
(which, by assumption, holds p-a.e.). Intuitively, this map induces a transport plan (id, T)#u that
satisfes (@, ¥)#(id, T)su = (id, tB)#(p#u) on B4 X B_ and thus must be optimal according to Lemma 2.

One remaining step, though, is to prove that this map T can be defined in a measurable way. For
this, we use the following measurable selection theorem due to [FGM10, Thm. 1.1], that reads:

Proposition 10. Let (B, X, m) be a o-finite measure space and consider a measurable function B 3 u
(ttu, vu) € P(R?)2. Let ¢ : R* x RY — R be a cost function, and assume that for m-a.e. u € B, there is a
(unique) Monge map T, between u,, and v,, for the cost c.

Then there exists a measurable function (1, x) — T(u, x) such that m-a.e., T(u, x) = T,(x), u,-a.e.

We can apply this result in the case d = 1 to the familly of measure (o x#Lu, Oy#Viy(u))ues,, Where
the reference measure on B is gsu.! We first need to show the measurability of this family of
measures. By definition of the disintegration of measures (see for instance [AGS05, Thm. 5.3.1]),
the map u_ € B_ — v,_ is measurable; and the Monge map fp is measurable as well so is the map
By 3 u + 0y40v,u) by composition of measurable maps, and thus the map u + (py, Viy()). Therefore,

INote that we cannot apply Proposition 10 to the measures (u,, v¢ B(”))“ and the maps (T;), directly, as T, may not be the
unique Monge map between the measures, a required assumption of the proposition.
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Proposition 10 applies and guarantees the existence of a measurable map T : By x R — R such that
T(u, x) = T,(x), for pgu almost all u, and oxs#u almost all x. Now, we can define

T:X—->Y
x o 03 o Flg(x), ox(x).

This map is measurable as composition of measurable maps. Let us prove that this defines a transport
map between i and v. For any function g : Y — R continuous with compact support, we can write

Jsamum = [ saenau= [ (o5 (fuonte)) o) dgano,

where we use the disintegration of y w.r.t. ¢ and the fact that the y, are supported on ¢~1({u}),
allowing us to write T(go(x), ox(x)) = T,(ox(x)) on that fiber (pau-a.e.).

Now, recall that T, : x — G; (Tu(ax(x))) defines a transport map between i, and v;,,). In

particular, the image of the fiber ¢! ({u}) by this map is ¥ ! ({ts(1)}) C Y. Therefore, we get
/ 8(y) dTu(y) = / / 8(y) Ay dprp(u)
Y ueB, Jyep~t({tp(u)})

= / 8(y) dviyw) dpgp(u) as Vi, () is supported on gb_l({tg(u)})
ueB, Jyey

= / g(y) dvo(y) dtps(psp)(v) by change of variable v = tp(u)
veB_ JyeY

= / g(y) dvo(y) dsv(v) as tp pushes @z to Yyv
veB_ JyeY

= g(y)dv(y) as (vy)y is a disintegration of v by ¢,

yey

proving that Tyu = v.

By Lemma 2, this map is optimal if and only if it satisfies (¢, ¥)s(id, T)spt = (id, tg)s(@su), as tp
is an optimal transportation plan between @su and 4v, making (id, T)yu optimal between p and v
(hence T a Monge map).

For this, let ¢ : X X Y — R be a continuous function with compact support. We have

// §(1,0) d(p, Wla(id, Thp(u, 0) = // ¢ (0, p(y)) d(id, Thupx, v)
B.xB_ XxY
- /X ¢ (0, $(T(x)) dpa(x)
- / N / oy S5 o)) ) dgaa)
- / / g, tp(10)) vy () depiia()
ueB, Jyeyp~1({tp(u)})
. / gl ) deppta)

= / g(u,v)d(d, tg)spuu(u,v),
B.xB_

proving the required equality and thus that T is a Monge map between y and v.
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2.3 Proof of Theorem 3

To alleviate notations, we let y’ = ®yu and v/ = ®yv in the following. We also denote by B the image
of ¢ = pp o P, so that u’, v’ are supported on B X F C By X F.

Step 1: Construction of the structured Monge map. Given that gsu is absolutely continuous
w.r.t. the Lebesgue measure on the complete (separable) Riemannian manifold By, by Theorem 1 there
exists a unique optimal transport plan 7 between yu and @4v for the cost ¢ and it is induced by a
map tp : By — By of the form tp = exp, (Vf), with f locally Lipschitz and ¢-convex.

By Lemma 2, we know that any transport plan in 7 € Il(y, v) that satisfy (¢, p)sm = (id, tp)su
must be optimal. Therefore, if 7 happens to be induced by a map T, that is © = (id, T)su, we would
obtain a Monge map between p and v. To build such a T, we proceed as in Section 2.2: we define a
Monge map T, between (u;,)y and (vi_ 1)u (recall that those are the dlsmtegratlon of CD#p y’ and
®yv = 1’ with respect to pp), for @uu- a e u and build a global map between u” and v’ by (roughly)
setting T'(u, x) = T, (x). As in Section 2.2, proving the measurability of such T requires care.

Step 2: Transport between the fibers. For gpgu-a.e. u, ), has a density w.r.t. the volume measure

on F and the optimal cost between i, and vt is finite by assumption. Whenever u;, has a density,
() ) u

we can therefore apply Proposition 2 between py and v; S0) with the cost d7 to obtain that there

exists a plan 7, between these fibers that is induced by amap T, : F — F that can be expressed as

T.(0) = exp,(Vhy(v)) with h, being d2 /2-convex on F.

Step 3: Measurability of the global map. Now that we have built structured maps T, between
corresponding fibers (through tg), it remains to prove the existence of a measurable map T : Bg X F —
By x F transporting u’ onto v’ satisfying T (u, x) = (tg(u), T, (x)) for ¢yu-almost every u and p;,-almost
every x.

For this, we need an adaptation of Proposition 10 to the manifold setting. Namely, we have the
following:

Proposition 11 (Measurable selection of maps, manifold case). Let M be a complete Riemannian
manifold and (B, £, m) a measured space. Consider a measurable function B 3 u > (u,, vy) € P(M)>.
Assume that for m-almost every u € B, u, < voly and p,, and v, have a finite transport cost. Let T,
denote the (unique by Proposition 2) optimal transport map induced by the quadratic cost d, on M
between p, and v,,.

Then there exists a function (1, x) — T(u, x), measurable w.r.t. L ® B(R?), such that m-a.e.,

T(u,x)=Tu(x) pu-ae.

This proposition can essentially be proved by adapting the proof of [FGM10] to the manifold
setting, and most steps adapt seamlessly. We provide a sketch of proof below. A complete proof,
where we stress the points that needed specific care in adaptation, is deferred to the appendix.

Sketch of proof of Proposition 11. The proof relies on theory of measurable sets-valued maps [RW09, Ch.

5 and 14]. The main steps are the following:
1. For k € N, let (A x)» be a partition of M of cells with M-volume lesser than or equal to 2-kD
(where D denotes the dimension of M) and such that (A, ), is a refinement of (A, k), for
j 2 k, that is each A, x is partitioned by a subset of the (A, ),. Then, for all n, k, the set
{(u,x), Tu(x) € Ay} is measurable.

2. Consider a, x € Ay x for each n, k chosen in a measurable way. Build a sequence of measurable
maps (T), defined by T® : (u,x) — a, x where T, (x) € Ay k. This is a Cauchy sequence for
the metric D1(f, g) = /dM(f(u, x), g(u, x)) dpy(x)dm(u) for f, g : L(BXM — M, u, ® m), that
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is the space of functions f such that /dM(f(u, x),z) dpu(x) dm(u) < oo for some z € M. This

space is complete [Chi07], so we can consider the (measurable) map T = limy T®,
3. Prove that we indeed have T (u, x) = T,,(x), roughly using that T®(u, x) both approximates T, (x)
(by construction) and T(u, x) (as the limit of the sequence). O

We can apply this proposition with the manifold being the (common) fiber F on which the u;,, v @)
are supported for gyu-a.e. u, and for which we have access to the (unique) Monge map T,. It glves
the existence of a global map f satisfying t(u, v) = T, (v) for pzu-a.e. u, and yj-a.e. v, and we can thus
define the (measurable) map T(u, x) = (tp(u), t(u, x)).

One then has for any continuous function z with compact support:

/ z(u', ") A(TD.p) (1, v") = / z(tg(u), Tu(v)) d(D.p)(u, v) (pushforward T on @, )
BoxF BoxF
- // z(tp(u), Tu(0)) d(@upt)u(0) d(@.p) (1) (disintegration theorem)
BoxF
= //B . z(tg(1), ") A(gus(Dup)u)(©") d(@ap)(1)  (pushforward T, on (D.p)y)
= [/B . z(tp(u), 0") A(Duv) 5 (@) A(@up) (W) (Guu(@upt)u = (PuV)1y )
= //B . z(u', 0") d((@uv)w)(0") d(tppe i) (1) (pushforward tg on @.(P.1)y)
) //B L2, 0) d(@0)) @) dlpar)(u) (t5(-p1) = v)
= / z(u',v") d(Dv)(u’, '), (disintegration theorem)
BoxF

hence T sends @,y to @.v and Tg = @1 o T o @ therefore sends  to v; and since
(@, @)(id, Te)ept = (@, @ o Te)spt = (@, tp 0 @)upt = (id, tp)ugpupt = 75,

we have that T is an optimal map between y and v.

3 Applications to the quadratic and inner-product GW problems

3.1 The inner-product cost
We recall the (GW-IP) problem:

min /Xxy /XXny X'y =y, v dr(x, y)dn(x’, y), (GW-IP)

mell(u,v)

Expanding the integrand and using the fact that [[(x, x")>dndn = [[(x, x’)?> du dy is constant (the
same goes for the terms that depend on v), (GW-IP) is equivalent to

min / —(x, X"y, y'ydn(x,y)dn(x’, y’).
nell(u,v)

This problem is not invariant to translations but it is to the action of O,(R) X O4(R). Assuming an
optimal correspondence plan 7t*, this plan is also an optimal transport plan for the linearized problem
(1) with cost

Crrlx,y) = - / (x, X'y, y)ydn*(x', y') = <— / (v’ ® x)xdr*(x, y'), y> =—~(M*x, y),
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where M* £ f y'®x"dr*(x, y’) € R™". This linearized cost satisfies the (Twist) condition if and only
if M* is of full rank, hence in this case the solution ©* of (GW-IP) is unique and induced by a map,
and [Vay20, Theorem 4.2.3] gives a result on the structure of this map. We can actually generalize this
result to the case where M* is arbitrary:

Theorem 4 (Existence of an optimal map for the inner product cost). Letn > d, u, v € P(R") x P(RY)
two measures with compact supports. Suppose that p < £". Then there exists an optimal map for
(GW-IP) that can be written as

T =05, 0(Ty o pre) © Ox, 4)

where Oy and Oy are change-of-basis matrices of R” and R?, pps : R" — RY is defined by
pra(x1, ..., xn) = (x1,...,x4), and

TO(xli ey xd) = (Vf ° Z‘(xll ey xh)/ Vgxl,...,x;, (xh+l/ ey xd)) (5)

with h < d, & e R>! diagonal with positive entries, f : R" — R convex and all Sx1,y Ri-h 5 R
convex.

In order to show this, we will need two simple lemmas that we state now and prove in Appendix A.1,
the second one being a simple corollary of the first:

Lemma 3. Let y,v € P(E) and let ¢1,¢ : E — F be homeomorphisms. Letc : F X F — R and
consider the cost x, y — c(1(x), P2(y)). Then a map is optimal for the cost ¢ between p and v if and
only if it is of the form ¢, o T o 11 with T optimal for the cost & between 1141 and poyv.

Lemma 4 (Brenier with scaled inner product). Leth > 1and y, v € P(R") with p < £" with compact
supports. Consider the cost c(x, y) = —(¢1(x), ¥a2(y)) where 11, ¥ : R" — R" are diffeomorphisms.
Then, there exists a unique optimal transport plan between u and v for the cost ¢, and it is induced by
amap t : R" — R of the form t = ¢, o Vf o 91, with f convex.

We are now ready to prove Theorem 4:

Proof of Theorem 4. Using a singular value decomposition, we have M* = O;ZOX € R™" with

Ox, Oy € 0,(R) x O4(R) orthogonal matrices of each Euclidean space and © € R¥" diagonal with
non-negative coefficients. The cost then becomes Crx(x,y) = —(OJT/ZOXx, y) = —(X(Oxx), Oyy).
Using Lemma 3, the problem transforms into an optimal transportation problem between y” = Oxp
and v/ £ Oyv; and choosing Oy and Oy that sort the singular values in decreasing order, i.e. as-
suming o1 > -+ > 05, > 0 with 1 £ rk(M*) < d, the problem therefore transforms into mingz(cy, 7)
for it € IT(', V'), where cx (%, ) = — Z?:l 0iXijJi = —(p(%), p(if))s, p being the orthogonal projection
on R”". We reduce to the case where both measures live in the same space by noting that since
cx(%, ) = cx(pra(¥), §) for all ¥ and §, any map Ty optimal between u” = pragy’ and v’ will induce a
map T = Ty o prs optimal between p’ and v"?. One can then recover an optimal map between p and v
by composing with Ox and Oy, (Lemma 3), hence Eq. (4).

The existence of such a map Ty optimal between u” and v’ satisfying (5) follows from the application
of Theorem 3 for E = Eg = RY = R x R9" = By x F and ¢ = p. Indeed, By and F are complete
Riemannian manifolds; (-, -)s is twisted on By X By; pst” has a density on By and every (1), has a
density w.r.t. the Lebesgue measure on F as a conditional probability.

We then make tg explicit. One has that cx(x,y) = —(ix, y), where Y= diag(oi)i<i<n. As pap”
has a density, we can apply Lemma 4 stated above with (11, 2) = (£,id) to obtain that there exists

2by Lemma 2 it suffices to check that (ppa,id)#(id, )y’ is in H*(de#y’, v'):
(Pra, id)s(id, T)ap’ = (pga, To © pra)upt’ = (id, To)pgayt’ -
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a unique optimal transport plan 7 between pyu” and pyv’ for the cost cx and that it is induced by a
map tg : B— Bof the formtg = Vf o ¥, with f convex. O

RemaRrk 7. A special case of our theorem is Theorem 4.2.3 from [Vay20] (Proposition 6 in this work):
when = d, the optimal map between Oxu and Oyv writes Ty o pra with Tp = Vf o ¥. The induced
optimal map between u and v is then:
T = OLO(TOOPW)OOX

:O;o(Vfoiode)oOX

:O;o(VfoZ)oOX

=V(foOy)oOj 0Lo00x since V(f o A)= AT oVfoA

=VfoM*,

where f £ f o Oy is convex.

3.2 The quadratic cost
We recall the (GW-Q) problem:

: ’ ’ 2 ’ ’
min / / ||x —x')? - ly—y |2| dn(x,y)dn(x’, y’), (GW-Q)
nell(py) Jxxy Jxxy

which is invariant by translation of p and v. With no loss of generality, we suppose both measures
centered. Expanding the integrand provides

’ /7 2 7’ ’ ’ 7’
lx =P =y —y'P| =lx =" +ly - y'I* - 2x - x'Ply - v'|,

and the two first terms only depend on u and v, not on . Expanding the remaining term yields
nine terms. Two of them also lead to a constant contribution: —|x|*|y’|* and —|x’|?|y|?; four lead to
vanishing integrals since y and v are centered: 2|x|%(y, v}, 2|x’|*(y, y’), 2ly|*(x, x’) and 2|y’ [>(x, x’).
The remaining three terms then yield the following equivalent problem:

min / —|xPly[* dm(x, y) +2 // —(x, X)Wy, y'ydn(x,y)dn(x, y') .
nell(u,v)

Assuming an optimal correspondence plan 7*, this plan is also an optimal transport plan for the

linearized problem (1) with cost

Crr(x,y) = =|x*ly* - 4/<x, XNy, yyde*(x', y') = —|xPly* - 4M*x, y),

where M* £ fy’ ® X’ dr*(x’,y’) € R™". In the cases where the rank of M* is d (resp. d — 1), this
linearized cost satisfies (Subtwist) (resp. (m-twist) with m = 2), yielding an optimal map/anti-map
(resp. bimap) structure by compactness of the support of y and v when yu has a density. In the case
where rk M* < d —2, nothing can be said and there is a priori little hope for the existence of an optimal
correspondence map; but not unsurprisingly, we can actually prove it.

Theorem 5 (Existence of an optimal map, bimap or map/anti-map for the quadratic cost). Letn > d,
u,v € P(R") x P(R?) two measures with compact supports. Suppose that u < L". Let 7* be a
solution of (GW-Q) and M* = f y' @ x’dn*(x’, y’). Then:

o if rk M* = d, there exists an optimal plan that is induced by a map /anti-map;
o if ik M* = d —1, there exists an optimal plan that is induced by a bimap;
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e if rtk M* < d — 2, there exists an optimal plan that is induced by a map that can be written as
T = O; oTpo Oy,

where Ox and Oy are change-of-basis matrices of R"” and, writing ®(x) 2 ((xy, |x5|?), xo/|x0]) =
(xB, xr) for any x € R",

® o Ty(x) = (E-exp,, (Vf(x8)), exp, (Vus (vF)))

2

with h < n, f : R"1 — R being ¢-convex and all gy, : R"~* — R being A,

/2-convex.
The case tk M* < d — 2 is a consequence of Theorem 3 and the proof is as follows:

Proof. We consider the measure v as a measure of R"” of d-dimensional support. Similarly to the
inner product cost, by SVD the cost becomes c(x, y) = —|x[*|y|> — (O, Z0xx, y) = —|0xx|?|Oyy|? -
(X(Oxx), Oyy). Using Lemma 3 and similarly to the inner product case, the problem transforms
into minz{cy, 7t) for @ € [(Oxp, Oyv), where cx(x,y) £ —|x[*|ly|*> = (Zx, y). Further assuming
012> 0 >0and writing any z € R" as z = (z,, zo) € R x R"h,

cx(x, y) = _|xu|2|yu|2 - |xu|2|yv|2 - |xv|2|yu |2 - |xo |2|yv|2 - <ixur yu> with £ = diag(01, eee, Oh)
= _|xu|2|]/u|2 =[xy |2ny1, - nx1,|]/u|2 — Ny, Ny, — <ixu/ Yu) with n,, = |xv|2 and ny, = |]/v|2
= pkx), ¢(y) with @ : x - (xy, [x0]?).

The cost cx(x, y) therefore only depends of the values of @(x) and ¢@(y). Let us now examine the

injectivity of V&(%, -) for a fixed X = (2 ). Forany 7 = (ny’; :

— 2 3 s _
VXE(J’E, g) — (w, t) w = 2(|:gu| + n]/z;)xu + Z]/u — ]/u - Z‘ (w 22txu)
t=|yu| + Ny, nyU:t_lyul

hence ¢ satisfies the twist condition.

Now, the same as in Example 2 applies, but this time with Eg = R" x R"™", E = Eo\(R" x {0}),
Bo=R'xRand F = §" "1 = {x € Ey | |xo| = 1}. Is then ensured the existence of a structured
Monge map between p and v for the cost c: it decomposes for almost all x € R” as a Monge map
on the basis By = R"*! obtained as the gradient of a é-convex function f : R"*! — R (via the ¢-
exponential map on R"*1) and a Monge map on each fiber F = S"~"~1, also built from gradients of
convex functions f(y, |,,12) : """ — R (via the exponential map on the sphere); hence the result.
Last, note that the case where M* = 0 has not been explictly treated. In this case, the cost is simply
c(x,y) = —|x*ly|* = &(nx,, ny,) and the strategy above directly applies. o

3.3 Complementary study of the quadratic cost in the one-dimensional case

Recalling the (GW-IP) is invariant by translation, we assume that measures y and v below are centered.
In the one-dimensional case X, Y C R, the linearized quadratic GW problem reads, with 7t* an optimal
correspondence plan:

min / (-x*y? —4mxy)dn(x,y), wherem = / X'y drn* (¥, y'), (6)
nell(pv) JxXxy XxY

and for any plan € Iy, v) (not necessarily optimal), we denote by m(m) = / xy dn(x, y) what we

call the correlation of . The associated OT cost function c(x, y) = —x2y? — 4mxy only satisfies the
subtwist condition when m # 0, which does not allow to conclude on the deterministic structure of
optimal correspondence plans in the general case. However, in the one-dimensional case one has
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©

X —m/x

Figure 2: Submodularity (symbol @, in light green) and supermodularity (symbol ©) regions for the
linearized quadratic GW cost with parameter m > 0.

at their disposal a useful additional proposition when the cost c is submodular, which is sometimes
called the Spence-Mirrles condition, that guarantees the optimality of the increasing (resp. decreasing)
matching ©2 | (resp. n§,,) [Car08, San15]:

Proposition 12 (Submodular cost). Let X,Y c R. We say that a twice-differentiable function ¢ :
X XY — R is submodular if

forallx,y € X XY, dyc(x,y)<0. (Submod)

Let u,v € P(X) x P(Y) of finite transport cost. If ¢ satisfies (Submod), then 7€ is an optimal plan
for (OT), with uniqueness if the inequality is strict.

Similarly, supermodularity is defined with the reversed inequality and induces the optimality of 7§,

mon-*

The linearized quadratic GW cost with parameter m > 0 is submodular on the region S = {(x, y) |
xy = —m} and supermodular elsewhere (see Figure 2 for an illustration); so we cannot directly apply
this proposition. Still, it is reasonable to expect that optimal correspondence plans exhibit a monotone
increasing structure on S (written @ in Figure 2) and a monotone decreasing one elsewhere (written
©), and we can actually leverage this type of property to obtain the optimality of the monotone
rearrangements in some particular cases (see Sec. 3.3.3).

We also recall the discrete formulation of (OT) in dimension one. Given two sets {x1,...,xn}
and {y1,...,ym} of R and two probability vectors a and b, the (OT) problem between the discrete
measures 4 = YN, a;0y, and v = Z]-Aﬁl bjby, reads

min {(C, m),
nel(a,b) ( )

where U(a, b) £ {r € RN*M | 1)y = a, 71y = b} is the transport polytope, C = (c(x;, yj))i j is the cost
matrix and (-, -) is the Frobenius inner product. In the case of the linearized problem (6), we denote
by Caw(m) the cost matrix, that has coefficients (Cgwn))i,j = —xl.zy]z —4mx;y; with m = (Cy,, 7*) and

(Cxy)ij = xiyj.

In the following sections, we study the optimality of the monotone increasing and decreasing

rearrangements 7t . and n .. It is worth noting that by submodularity of x, y +— —xy, these two
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correspondence plans have respective correlations #min and Mmax, where
Mmin = ming (Cyy, T) .
y , with (ny)i,j =XiYj, (7)

Mmax = MaXgp <ny/ )

and that for any correspondence plan 7, the value of its correlation m () lies in the interval [ #min, Mmax]-
We provide in the following a complementary study of the quadratic cost in dimension one, namely
(i) a procedure to find counter-examples to the optimality of the monotone rearrangements;
(if) empirical evidence for the tightness of Theorem 5;
(iii) empirical evidence for the instability of having a monotone rearrangement as optimal corre-
spondence plan;
(iv) anew result onthe optimality of the monotone rearrangements when the measures are composed
of two distant parts.
All experiments are reproducible and the code can be found on GitHub®.

3.3.1 Adversarial computation of non-monotone optimal correspondence plans. Theorem 4.1.1
of [Vay20] claims that in the discrete case in dimension 1 with N = M and a = b = 1y, the optimal
solution of (QAP) is either the monotone increasing rearrangement 7%, or the monotone decreasing
one 7§, (or equivalently the identity o(i) = i or the anti-identity o(i) = N + 1 — 7); which seems to
be the case with a high probability empirically when generating random discrete measures. While
this claim is true for N = 1,2 and 3, a counter-example for N > 7 points has been recently exhibited
in [BHS22]. We further propose a procedure to automatically obtain additional counter-examples,
demonstrating empirically that such adversarial distributions occupy a non-negligible place in the
space of empirical measures. We propose to move away from distributions of optimal plans ©¥_ and
TS on by performing a gradient descent over the space of empirical distributions with N points using
an objective function that favors the strict sub-optimality of the monotone rearrangements; we now
detail this procedure.

For N > 1, we consider the set of en;lpirical distributions over X x Y = R x R with N points and
uniform mass, ie. of the form = & ¥, O(x;,y;)- Such plans 7 can be seen as the identity mapping
between vectors X = (x1,...,xny)and Y = (y1, ..., yn), and we therefore note © = id(X, Y). Denoting
by cgw the functional that takes a correspondence plan and returns its cost on the GW problem, we
then define # on RN x RN by

F(X,Y) = cow(n) —min {cow(Ten), cow(Taen)} »

nn=1id(X,Y)
where ® o
Mo on and 75, are the monotone rearrangements between X and Y.

This quantifies how well the plan 7 performs when compared to the best of the two monotone
rearrangements. We generate N points at random in [0, 1]? and then perform a simple gradient
descent over the positions of the points (X, Y) = (x;, y;); following the objective

min F(X,Y).
X,YeRN

We include an early-stopping threshold ¢, since when ¥ (71) becomes negative (i.e. we found an slightly
adversarial example), the objective function often starts to decrease exponentially fast, exploiting the
adversarial behaviour of the plan as much as it can. We found that choosing ¢ = —2 gave good results
in our experiments. The procedure can be found in Algorithm 1 below. We implemented it using
PyTorch’s autodiff [PGM*19] and used [BTBD20] to implement a differentiable sorting operator to
compute the monotone rearrangements. Adversarial plans 7ty = id(Xy, Yr) obtained by Algorithm 1

3link of the code: https://github.com/theodumont/monge-gromov-wasserstein.
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are not a priori optimal for the GW cost between their marginals; but they have at least a better cost
than the monotone rearrangements since ¥ (Xy, Yr) < 0, proving the sub-optimality of the latter.

Algorithm 1 Simple gradient descent over the positions (x;); and (y;);.

Parameters:
e N: number of points of the distributions
Niter: maximum number of iterations
7n: step size
t: early stopping threshold

Algorithm:

1: X « N random values in [0, 1], then centered

2: Y « N random values in [0, 1], then centered

3: fori € {1,..., Niter} do

4: 78 on — id(sort(X), sort(Y)) > id is the identity mapping

5: TS on — 1d(sort(X),sort(Y)[::-11)

6: T —id(X, V)

7: F(X,Y) « GW(r) —min(GW(r® ), GW (1S, ,))

8: if 7(X,Y) < t then stop > early stopping

9: (X,Y) —(X,Y)—nVF(X,Y) > step of gradient descent
10: end for

11: return mty = id(X, Y)

Output: a plan 71¢ with better GW cost than 7, and 75,

On Figure 3 is displayed an example of adversarial plans obtained following this procedure. It
can be observed that during the descent, the plan 7 has difficulties getting out of what seems to be
a saddle point consisting in being the monotone rearrangements between its marginals. Moreover,
it is worth noting that the marginals of our typical adversarial plans, such as the one of Figure 3,
are often similar to the counter-example proposed in [BFHS22], where both measures have their mass
concentrated near zero, except for one outlier for v and two for y, one on each tail.

102 Objective function 7 (X, Y) Initial plan 7o Final plan t¢
° L]
3
0.5 ) f ; 0.5
(] ° [}
2 :}‘c:'..-."' e
ocen® °
= 0 veeTh s o 0 L
1 & '.' LI °
.c o o° "o’.
L] o
0 -05 $8°°R0¢ See -05
L ]
-1 LY
0 10 20 30 40 50 60 -1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1
Iterations X x

Figure 3: Gradient descent results with parameters N = 122, n = 26, t = —2. (Left) Evolution of the
objective function ¥ . (Center) Initial plan 7o, generated at random. (Right) Final plan 7t (iter. 66).
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Furthermore, examining the optimal correspondence plan for these adversarial examples al-
lows to exhibit cases where it is not a map, providing empirical evidence for the following con-
jecture:

Conjecture 1. Theorem 5 is tight, i.e. there exists yu and v for which optimal correspondence plans for
(GW-Q) are not maps but rather a union of two graphs (either that of two maps or that of a map and
an anti-map); and this even if ¢ has a density, classical OT assumption for the existence of an optimal
transport map.

In order to approximate numerically the case of a measure which has density w.r.t. the Lebesgue
measure, we convolve our distributions u = (X, 1,) and v = (Yf, 1,) with a Gaussian of standard
deviation ¢ and represent it in eulerian coordinates; that is we evaluate the closed form density on a
fine enough grid. When o is large, the optimal correspondence plan for GW is probably induced by a
monotone map, as it is the case very frequently empirically; on the contrary, if ¢ is sufficiently small,
i.e. when the distributions are very close to their discrete analogous, the optimal correspondence plan
should not be a monotone map, by construction of p and v.

RemaRrk 8. Because of the adversarial nature of 75 for the sub-optimality of 75, and 73, we know

that when ¢ is sufficiently small, the optimal correspondence plan is not a monotone rearrangement.
Still, it could be the case that this optimal plan is a map, but not a monotone one, and there is a priori no
reason to believe that 71 will agree with Conjecture 1. Surprisingly, it does, as numerical experiments
below suggest.

In order to find the optimal correspondence plan * between p and v, we leverage the fact that
7* is a solution of its associated linearized problem. Therefore, a minimizer of the GW functional is
given by
argmin { GW(rs) | 7, € argmin (Cowmy, ), 1 € [Mimin, Mimax] ®)
nel(a,b)

where (Cowm))i,j = —x%y]z — 4mx;yj. We therefore compute both #min and mmax by solving the linear

programs in (7), discretize the interval [#min, Mmax] With Na, points, and solve the corresponding
linear optimization problem for every value of the parameter m and evaluate the GW cost on each
optimal plan for the given parameter m. We then check if the optimal plan exhibits a bimap or a
map/anti-map structure. The procedure is described in Algorithm 2.
We display the results on Figure 4, where we plot the optimal correspondence plan 7t* in two cases:
(a) starting from an adversarial plan with both marginals convolved as to simulate densities;
(b) starting from an adversarial plan with only the first marginal convolved and the second marginal
being a sum of Dirac measures.

To facilitate the reading, we draw a blue pixel at a location x on the discretized x-axis (resp. y on
the y-axis) each time x (resp. y) has two (disjoint) images (resp. antecedents), making * a bimap
(resp. a bi-anti-map), or the union of a graph and an anti-graph. In both cases, we observe that 7* is
not a map but a bimap instead, similarly to [CMN10, Sec. 4.5]. Note that in case (b), v being atomic,
there cannot be a map from v to y, so in both (a) and (b) we numerically exhibit an instance where
there is a priori no map from either u to v nor v to u. We also plot the submodularity regions of
the linearized GW cost function with parameter m(n*) as an overlay and we observe that when the
plan gives mass to a region where the cost is submodular (resp. supermodular), is has a monotone
increasing (resp. decreasing) behaviour in this region.

Remark 9. Although the region on which the optimal plan 7* is a bimap is of small size on Figure 4
right, we cannot expect better due to the form of the adversarial example 7. Indeed, the bimap
behaviour is governed by the outliers of the distributions (see Figure 3), as points in the right tail of p
are encouraged to split in half between points in the right and left tails of v. As the bimap region only
spans the outlier region, it stays of small size when i and v have only few outliers.
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Algorithm 2 Generating bimaps from adversarial examples.

Input: an adversarial plan 71 = id(Xy, Yy) obtained from Algorithm 1

Parameters:
e ¢: standard deviation of convolution
o Nay: discretization precision
e Npy: discretization precision of the interval [#min, Mmax]

Algorithm:
1: a « convolution(Xf, 0, Nay)

b « convolution(Yf, o, Nax) > optional (see below)

Mmin ¢ MiNgeiz(a,p) {Cry, ) > solve linear programs

Mmax ¢~ MaXpreli(a,b) <ny/ )

scores « []

for c € {Mmin, - .., Mmax} do > with Na,, points
Tl €= argmin, .y, p) (Cowim), ) > solve linear program
append GW(m,,) to scores

end for

7% « arg max, scores > take best plan for GW

: b« “n* is a bimap”

return %, b

_= = =
N 2o

Outputs:
e 71*: optimal plan for GW
e b: boolean asserting if 7* is a bimap

Y
y

100 100 |

it figures/bimapp lanjouble — 3

figures/bimapp lany, is — 3

50 + 50 +

. . . \ : : X : : : : : - X

50 100 50 100

Figure 4: Optimal correspondence plan (in log scale) obtained with our procedure, starting either from
a plan with both marginals convolved (Left) or with only the first marginal convolved (Right) ; bimap
and anti-bimap coordinates (blue); submodularity regions ( ). Parameters: ¢ = 5.1073,
Nax =150, Nam = 2000.
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3.3.2 Empirical instability of the optimality of monotone rearrangements. The above study demon-
strates that there exist probability measures u and v for which property

P(u,v): =@, ornd

on mon 18 an optimal correspondence plan between u and v

does not hold. However, itis very likely in practice when generating empirical distributions at random;
one could ask if property P(u, v) is at least stable, i.e. if when we have i and vg satisfying P(uo, vo)
there is a small ball around p and v (for a given distance, say Wasserstein p) inside which property
P remains valid. We believe that this it not the case. In order to illustrate this, we start from the
counter-example given in [BHS22] with N = 7 points and ¢ = 1072, that we convolve with a Gaussian
of standard deviation ¢ as before. We then plot as a function of m € [Mmin, Mmax] the (true) GW
cost of a plan 7t;, optimal for the linearized GW problem 7, € argmin_ (Cgw(m), 7). The minimum
values of this graph are attained by the correlations of optimal correspondence plans, as explained in
Section 3.3.1. Hence if ¢ is small, this optimal plan is not a monotone rearrangement by construction
and the minimum are not located on the boundary of the domain. On the contrary, when o is large,
the convolved measures stop being adversarial and the monotone rearrangements start being optimal
again. In order to study the phase transition, we plot on Figure 5 the landscape of m — GW(rt},)
while gradually increasing the value of o.
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Figure 5: Evolution of the graph of m +— GW(t};,) when varying ¢ on the counter-example of [BHS22]
with N =7 points and ¢ = 1072. Parameters: N, = 100, Na,, = 150..

Looking at Figure 5, it is worth noting that there is an incentive for plans of correlation close
tO Mmin OF Mmax to be the monotone rearrangements, as the horizontal portions of the plot suggest.
More importantly, it can be observed that when ¢ = 03 or 04, the monotone rearrangements are
optimal, as their correlations realize the minimum of m +— GW(n};,); unlike for o1 and o, for which
the minimum value of the plot is located near zero. Hence there exists a g9 € (02, 03) for which the
convolved measures have both nd , 75, and another 7 as optimal correspondence plans. It is
direct that property P does not hold in the neighbourhood of these specific measures pp and vg, hence
the following result, that we still state as a conjecture since we only provided numerical illustrations
of it:

Conjecture 2 (Instability of the optimality of monotone rearrangements). There exists u, v two mea-
sures on R such that the optimal plan is supported by the graph of a monotone map, and uj,, v, that
weakly converge to i, v whose optimal plans are never supported by a monotone map.

3.3.3 A positive result for measures with two components. In the following, ui, uz, v1 and v,
are four probability measures supported on a compact interval A € R. Denote A = diam(A), and fix
t€(0,1)and K > A. Lettx : x = x+Kdenote the translationby K, and A+K = 7x(A) = {x+K | x € A}.
Now, introduce the measures

p=0—-t)u +ttgauz and v =(1-f)vy +tTrsvs. )

Note that p1 and txspo (resp. v1 and tx#v2) have disjoint supports. We want to prove the following:
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Proposition 13. For K large enough, the unique optimal plan for the quadratic cost between p and v
is given by one of the two monotone maps (increasing or decreasing).

Remark 10. The hypothesis of the theorem illustrates that monotone maps are favored when u and
v both contain a single or more outliers. The proof of the theorem actually shows the importance
of long range correspondences or global effect over the local correspondences on the plan. In other
words, even though locally, monotone maps may not be optimal, global correspondences favor them.
Moreover, these global correspondences have proportionally more weight in the GW functional since
the cost is the squared difference of the squared distances. In conclusion, pair of points which are at
long distances tend to be put in correspondence. In turn, this correspondence, as shown in the proof,
favors monotone matching. Although non-quantitative, this argument gives some insight on the fact
that a monotone map is often optimal.

We first prove the following lemma:

Lemma 5. In the setting described above, there exists Ky > 0 such that if K > Ky, every m optimal
plan for GW(u, v) can be decomposed as © = 71 + 12, where either:

1. 711 is supported on A X A and 1, on (A + K) X (A + K) (that is, we separately transport p; to 1q
and Tgaup to T#vy), or

2. my is supported on A X (A + K) and 72 on A X (A + K) (that is, we transport 1 to Txsv2 and pp
to Tx#V1)-

Furthermore, whenever ¢ # %, only the first point can occur.

Proof. Consider first the case t = % To shorten the notations, we introduce the notations A; = A and
Az = A+ K. We can now decompose any plan 7 as 7111 + 7112 + 721 + 71z where for instance 712 denotes
the restriction of the plan 7 to the product A1 X A>. Let us also denote by r the mass of m12, one has
0 < r <1/2 and by symmetry, one can choose that r < 1/4, otherwise we exchange A; and A; for the
second measure since the cost is invariant to isometries. Remark that, due to marginal constraints,
the total mass of 7111 and 72 is 1/2 — v and the mass of 71 is r. Therefore, it is possible to consider
a coupling plan 7t1; between the first marginal of 712 and the second marginal of 751, and similarly,
let 71y, be a coupling plan between the first marginal of 7121 and the second marginal of 711,. We then
define a competitor plan 7@ = 711 + 711 + 7122 + Tip2. The first step is to get a lower bound on the term
GW(m, nt). Slightly overloading the notations, we introduce

GW(m,y) = / cdn®y. (10)
We expand GW by bilinearity
GW(T(, T() = Z GW(T(i]', T(if]'f) = Z GW(TCii, T(]']') +R,
i i
where R is the remainder that contains 12 terms from which one can identify two types. 8 terms are of
the type GW(m12, t11) > r(1/2 — r)(K? — A%)2. Indeed, one compares pairs of points (x, x’) and (v, y’)
for (x,y) € A1xAj and (x’, y’) € A1 X Ay, therefore (x —x’)? is upper bounded by A% and (y —y’)? lower

bounded by K? and the bound above follows after integration against the corresponding measures.
The second type is GW(mt12, 7t21) > 0, there are 4 of such terms. We thus have

R > 8r(1/2 - r)(K* — A%)?.
We now upper-bound the competitor. Similarly, one has

GW(#, 7t) = Z GW(m;i, mijj) + R
ij
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Figure 6: Visual sketch of the proof of Lemma 5.

where R = 2 GW(7t11, Tton + i) + 2 GW(Tian, 7111 + 7t11) + 2 GW(1111, 7i11) + 2 GW(7122, 7i22). The two last
terms can be upper bounded by 2r(1/2 — r)A2. Indeed, one compares distance squared of couples of
points in A; to couple of points in A1, so it is upper bounded by A?. Again by elementary inequalities
(see Figure 6), the two first terms can be upper bounded by r(2KA + A?)2. Note that the total mass
of the plan 711 + 711 is 1/2 which explains why (1/2 — r) does not appear. Therefore, the difference
between the two values of GW is

GW(r, ) — GW(R, 7) > r (8(1 /2= ) (K2 = A2 — 4(1/2 — )A2 = 2(2KA + AZ)Z) . (11)

Then, since 1/2 — r > 1/4 the limit in K of the polynomial function on the r.h.s. of Eq. (11) is +oc0
uniformly in r € [0, %], and the result follows; there exists K > 0 such that the polynomial function
above is nonnegative, for instance max(0, Ko) where Kj is the largest root.

The proof in the case t > 1/2 (the other is symmetric) is even simpler since t —r > t —1/2
and consequently, there is no choice in the matching of the two measures; it is determined by the
corresponding masses. One can directly apply the argument above. m]

We now prove Proposition 13.

Proof of Proposition 13. Thanks to Lemma 5, we know that we can restrict to transportation plans
n = m1 + 1o where, up to flipping v, we can assume that 71 is supported on A X A and 7> on
(A+K)x(A+K)4

“Note: this is where the choice is made, as in the proof of Lemma 5, between the increasing and the decreasing mappings.
Using this convention, the increasing monotone map is shown to be optimal.
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Using again the bilinear form GW(mn, y) defined in (10), the objective values reached by any
transport plan 7= = 111 + 1, actually decomposes as

GW(mt, 1) = GW(mtq, 111) + 2GW(mtq, 112) + GW(mtp, 112) «
Now, assume that we have found 75 optimal. Let us minimize in 71 the resulting quadratic problem:

min GW(my, 1) + 2GW(my, 5) .
i

We know that if 7t} is a minimizer of this quantity, it must also be a solution of the linear problem

min GW(my, 7if) + GW(my, 11}) .
i

This minimization problem is exactly the optimal transportation problem for the cost

c(x, y) = ’ A((x _ xl)z _ (y _ y/)Z)Z dT(T(XI, y/)

+ 2/ ((x _ xu)Z _ (y _ y//)Z)Z dn;(x”, y//) .
(A+K)2

Now, using the relation ((x —x”)* = (y —=y”)?)* = (x —y) — (x” = y"))*(x + y) — (x” + y”))?, and that 7}
is a transportation plan between gz and tx#v> so that we can make a change of variable, observe
that

c(x, y) = A' A((x _ x/)z _ (y _ y/)Z)Z dT(T(XI, y/)
] A((x —y) = (" =y A+ y) = (7 + 7+ 2K d(Tk, e (7, )

Now, observe that dy,c(x, y) is a polynomial function in K, x, ¥ whose dominant term in K is simply
—2K?; recall that A is compact, so that this polynomial function is bounded in x, y. We conclude

dxycl(x,y) = —2K*+ O(K) < 0

for K large enough, forall x, y € A.
The plan 7t} is optimal for a submodular cost, and by Proposition 12 must be the increasing
matching between i1 and vq. By symmetry, so is 7t;. m|
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A Appendix

A.1 Proofs of Lemmas 3 and 4

Proof of Lemma 3. Remark that the continuity of {1 and ¢, and their inverse ensures their measurabil-
ity. We have the following equalities:

argmin/ c(P1(x), P2(y))dn(x, y) = argmin/ c(u,v)d(W1, Y2)em(u, v)

nell(y,v) nell(u,v)

=(¢1‘1,¢2‘1)# arg min /c(u,v)dﬁ(u,v)

REl(P1su,Pouv)

since the mapping (7%, 15 1) is a one-to-one correspondence from I( 1411, 24v) to T1(u, v) by bijec-
tivity of {1 and 2. This bijectivity ensures that any optimal deterministic transport plan 7* between
Y1gp and o4V induces an optimal deterministic transport plan 77* between p and v, and vice versa.
Writing 7t = (id, T)#(i1#1), this plan 77* is given by

™ = (7, vy et
= (@7, 3 a(id, Ty
= (id, 5" o T o y1)sp . O

Proof of Lemma 4. As Y14 has a density w.r.t. the Lebesgue measure since 1 is a diffeomorphism
and ¢1xp and o4 have compact support, Brenier’s theorem states that there exists a unique optimal
transport plan between 114t and ¢o4v and that it is induced by a map Vo, where ¢ is a convex
function. Using Lemma 3 then gives the result. ]

Remark 11 (Discussion on the hypothesis of Lemma 4). In the proof of Lemma 4, we only needed (i)
11, P2 and their inverse to be measurable, (ii) {144 to have a density w.r.t. Lebesgue, and (iii) ¢1s#u and
o4V to have compact support. Imposing ¢/1 to be a diffeomorphism and 1 to be a homeomorphism
ensures both (i) and (ii) and is natural to expect.

A.2 Measurable selection of maps in the manifold setting

A.2.1 Measurability of set-valued maps. Let X, U be two topological spaces, and let A denote the
Borel o-algebra on X. A set-valued map S is a map from X to P(U) (the set of subsets of U). This will
be denoted by S : X =3 U. The idea is to introduce notations which are consistent with the case where
S(x) = {u} for all x in X, where we want to retrieve the standard case of maps X — U. Definitions
are taken from [RW09], where measurability is studied when U = R". Most results and proofs adapt
to a more general setting—in particular when U is a complete Riemannian manifold M. For the sake
of completeness, we provide all the proofs, and highlight those that require specific care by replacing
R" by such a manifold.
Of importance for our proofs, we define:

e The pre-image of a set B C U is given by
ST U)={xeX, S(x)NB # a}.
e The domain of S is S~'(U), thatis {x € X, S(x) # @}.

We will often use the following relation: if a set A canbe writtenas A = | J Ax, then S71(A) = |J S~1(Ay).
Indeed, x € ST (A) © S(x)NA# 2 o Tk, S(x)NAx # @ © Tk, x € STHAx) © x € U S7HAp).
A set-valued map S : X =3 U is said to be measurable if, for any open set O C U,

S71(0) e A. (12)
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Note that if S is measurable (as a set-valued map), then its domain must be measurable as well (as an
element of A). We say that S : X =3 U is closed-valued if S(x) is a closed subset of U for all x € X.

Proposition 14 (Theorem 14.3.c in [RW09]). A closed-valued map S is measurable if and only if
S7Y(B) € A for all B c U that are either:

(a) open (the definition);

(b) compact;

(c) closed.

Proof of Proposition 14.

e (a) = (b): For a compact B c U, let By = {x € U, d(x,B) < k™'}, k > 0 (that is open). Note
that x € SH(B) © S(x) N B # @ © S(x) N By # @ for all k because S(x) is a closed set. Hence
S7Y(B) = N S™!(Bk). All the S7'(By) are measurable, so is S™'(B) as a countable intersection of
measurable sets.

e (b) = (a): Fix O an open set of U. As we assume U to be a complete separable Riemannian
manifold, O can be written as a countable union of compact balls: O = |J,, B(x,, 'n).

e (b) = (c): Immediate.

e (c) = (b): A closed set B can be obtained as a countable union of compact sets by letting
B =J,, B N B(xg, n) for some xo. Hence S™'(B) = | J,, S~ (B N B(x, n)) is in A. i

Now, we introduce a proposition on operations that preserve measurability of closed-set valued
maps. The proof requires adaptation from the one of [RW09] because the latter uses explicitly the fact
that one can compute Minkowski sums of sets (which may not make sense on a manifold).

Proposition 15 (Proposition 14.11 in [RW09], adapted to the manifold case). Let Sy and S2 : X =3 U
be two measurable closed-set valued maps. Then
o P:x — 51(x)X5y(x)is measurable as a closed-valued map in U X U (equipped with the product

topology).
e Q: x> S1(x) N Sy(x) is measurable.

Proof. The first point can be proved in the same spirit as the proof proposed by Rockafellar and Wets.
Namely, let O’ be an open set in U x U. By definition of the product topology, O’ can be obtained as

Un Og”) X O;") where Ogn) and Oé”) are open sets in U. Then P~1(0O’) = |, P‘l(Ogn) X O;")). Now,
observe that P! (Ax B) = {x, S1(x)x Sy(x) € AxB = {x, S1(x) € A and Sy(x) € B} = S71(A)nS;(B),

so that finally, P~1(0’) = |, ST 1(O§n)) ns; l(O;n)) that is measurable as a countable union of (finite)
intersection of measurable sets (given that S1, S, are measurables). Note that this does not require
51, Sy to be closed-valued.

Now, let us focus on the second point, that requires more attention. Thanks to the previous
proposition, it is sufficient to show that Q71(C) € A for any compact set C ¢ U. In [RW09], this
is done by writing Q71(C) = {x, Si(x) N S2(x) N C # @} = {x, Ri(x) NRa(x) # @} = {x, 0 €
(R1(x) = Ra2(x))} = (R1 — R2)"1({0}), where R;j(x) = Sj(x) N C (that is also closed valued), and using the
fact that the (Minkowski) difference of measurable closed-valued maps is measurable as well [RW09,
Prop. 14.11.c].

To adapt this idea (we cannot consider Minkowski difference in our setting), we introduce the
diagonal A = {(u, u), u € U} € UXU. Now, observe that R1(x)NRa(x) # @ & (Ri(x)XRa(x))NA # @,
thatis x € R™!(A), where R(x) = Rq(x) X Ra(x). Now, since the maps R and R; are measurable closed-
valued maps (inherited from S1, S), so is R according to the previous point. And since A is closed,
R7Y(A) = Q71(C) is measurable. O

A.2.2 Proof of Proposition 11. The proof is essentially an adaptation of the one of [FGM10], with

additional care required due to the fact that we do not have access to a linear structure on M. It relies

on measurability of set-valued maps (see [RW09, Ch. 5 and 14] and Appendix A.2.1 for a summary).
The crucial point regarding measurability is the following proposition.
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Proposition 16. The set
Bux = {(u,x), Tu(x) € An,k}- (13)

is measurable.

Its proof relies on a core lemma:

Lemma 6. Let F C M be a closed set. Then the set
Br = {(u, x), Tu(x) € F}
is measurable.

The key will be to identify this set as the domain of a measurable set-valued map, see Ap-
pendix A.2.1.

Proof of Lemma 6. Observe that Br = {(u, x), ({x}xF)Ngph(T,) # @}, where gph(T;,) = {(x, T,(x)), x €
M} denotes the topological closure of the graph of the optimal transport map T;, that pushes p,, onto v,.
Letting S1 : (4, x) — {x}xFand S, : (1, x) — gph(T,), so that Br = dom(S), where S(x) = S1(x)NSa(x).
According to Proposition 15, given that S; and S; are closed-valued, if they are measurable, so is S,
and so is Br as the domain of a measurable map. The measurability of these two maps can be easily
adapted from the work of [FGM10], we give details for the sake of completeness.

Measurability of Si: Let O € M x M be open. The set Sl‘l(O) ={x, {x} XFNO # @} is open (thus
measurable): for any x,z € S 1(0), we have ¢ > 0 such that B(x, €) x {z}. It proves the measurability
of Sl.

Measurability of Sy: Given that u — (p,, v,) is measurable by assumption, and that measurability
is preserved by composition, we want to show that (i) the map S : (u, v) = II(y, v) (the set of optimal
transport plans between u and v) is measurable and (ii) the map U : = € P(M?) > supp 7 satisfies
U~Y(O) is open for any open set O C P(M?). From these two points, we get that (U o S)7}(O) is
measurable, thus the measurability of Ss.

To get (i), observe first that S is closed-valued, so that it is sufficient to prove that S7}(C) is
measurable for any closed set C ¢ P(M)? according to Proposition 14. Let C ¢ P(M?) be closed.
Then, S71(C) = {(y, v), IT*(, v) N C # @}, and consider a sequence (tiy, vy ), in S71(C) that converges
to (u, v) for the weak topology. Let i, € IT*(uy, v) N C. According to [Vil08, Thm. 5.20], (71,,),, admits
a weak limit 7 in IT*(u, v), but also since C is closed, 7t € C, so that (i, v) € S7}(C) that is closed (hence
measurable), proving the measurability of S.

(ii) simply follows from the fact that U71(O) = {n, suppn N O # @} = {n, n(O) > 0} that
is open. Indeed, the Portmanteau theorem gives that if m, — m (weakly) and ©,(O) = 0, then
0 = liminf 7t,(O) > 7(O) > 0,50 (O) = 0. The complementary set of U~}(O) is closed, thatis U~}(O)
is open. m]

Proof of Proposition 16. This follows from the assumption that A, y can be inner-approximated by a
sequence of closed set F; C A, x and the fact that the B F; are measurable. O

We can now prove our main theorem. The proof is clearly inspired from the one of [FGM10],
though it requires, in few places, careful adaptation.

Proof of Proposition 11. Recall that we assume that M = | |,, A, x. For each n, k, select (in a measurable
way) a a, x in A, . Then, define the map

T® : (u,x) > a, , such that T, (x) € A, 1. (14)

This map is measurable. Indeed, the map @y : (u,x) — A, where T, (x) € A,k is measurable,
because CD;(O) = U, Bux N O that is measurable.
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Now, for two maps f, g : BX M — M, let D1 denotes the natural L; distance on M, that is
Dif.g)= [ / ACF (1, %), g(u, %)) Ay (x) dm(u). (15)
BJM

This yields a complete metric space, and we can observe that (TX)); is a Cauchy sequence for this
distance. Indeed, for k < j two integers, recall that we assume that (A, ;), is a refinement of (A, k),
yielding

Dy(T®, 70y = / / d(T®(u, x), TD(u, x)) dp, (x) dm(u)
BJM

:AAZ Z 1Bn’,j(u’x)'d(an,k/an',j)d[.lu(x)dm(u)

n ﬂ’:A,lrerA,,lk

_ /B /M SN d@ aw ) dvi(Ay j) dm(u)

n n’:A,l/rch,,/k

<27k

where we use that for all u, /X em 1B, (1, ) dpy(x) = vi(Aw j) by construction (recall that (u,x) €
By o Tux) € Ay & x € yu(Tu‘l(An»,j)) = Tu#uy(Ay ;) and T, transports u, onto v,), and then
that the diameter of the partition A, x is less than or equal to 27 and that v, and m are probability
measures.

Now, let T denote the limit of (T™®)) (that is measurable). It remains to show that T(u, x) = T;,(x),
m-a.e. This can be obtained by proving that

/ ) F (T, ) dyaax) = / () F(Tu(x) dita (), (16)

for any pair f, g : M — R of bounded Lipschitz-continuous functions [VdV00, Lemma 2.24].
As in [FGM10], let || f]| = sup, £y W +sup, |f(x)|. The difference between these two terms
can be bounded using the partition (A, x)». We have for all u m-a.e.:

17)

‘ / (O (Tu(0)) dpau(x) - / (OF(T(u, %) dpa(x)

<

/g(X)f(Tu(x))d#u(X)—/g(X)f(T(k)(u,x))d#u(X)

g [ (T2, T0,0) dito
18)

Since T®) — T in D, it implies that up to a subsequence, fx d(T®(u, x), T(u, x)) dpy(x) — 0ask — oo
for all u m-a.e.

To treat the first term and show that it goes to 0 as k — oo for a subset of B with full m-measure,
we write m-a.e. u:

‘ / () (Tu(x)) dpu(x) — / (O FTH (1, 1)) dpan(x)

< [ Istl [FT) = AT, 0)] i)

<lgllfI / AT, (x), T, 2)) dpta(x)
<lgMIFI27 " vaAnp).

This concludes the proof. ]
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A.3 Measure disintegration

Definition 4 (Measure disintegration). Let X and Z be two Radon spaces, 1 € P(X)andp : X — Za
Borel-measurable function. A family of probability measures {uy },ez € P(X) is a disintegration of p by p if:

(i) the function z +— i, is Borel-measurable;
(ii) wy lives on the fiber p~(u) : for p.u-a.e.u € Z,

pa(X\p~ () =0,

and so uy,(B) = pu(B N p~t(u)) for any Borel B C X;
(iii) for every measurable function f : X — [0, o],

Jrwa= [ [ @) dgow.

In particular, for any Borel B C X, taking f to be the indicator function of B,
) = [ ).

Theorem 6 (Disintegration theorem). Let X and Z be two Radon spaces, i € P(X)andp : X — Z a
Borel-measurable function. There exists a p.ji-a.e. uniquely determined family of probability measures
{tu}tuez € P(X) that provides a disintegration of u by p.



